Metal-oxide systems are ubiquitous in technology with applications including microelectronics, magnetoresistance devices[@b1], thermal barriers[@b2], nanocatalysts[@b3], and structural materials for nuclear reactors[@b4]. In all these applications the properties of the material are primarily governed by the structure and chemistry of the metal/oxide interface. Metal/oxide interfaces exhibit exotic interfacial structure[@b5] as they are formed by materials with dramatically different properties, crystal symmetry, surface energy and atomic bonding (metallic versus ionic and covalent)[@b6]. The structural complexity of a heterointerface such as a metal/oxide interface is a combined effect of the surface structures of the component phases and the unique structural features arising when they form the interface. Oxide surfaces already exhibit a wide range of surface structures to maintain overall charge neutrality, including large deviations in stoichiometry[@b7], faceting, metallization, adsorption of charged species, and modification of the electronic structure of the surface[@b8]. Once the oxide is joined to the metal, a separate set of structures can form to maintain atomic ordering and alleviate strain across the interface. One such structure is misfit dislocations, formed when two crystals of different inter-planar spacing are joined. In this case, regions at the interface with atom-by-atom matching across the interface (coherent regions) are separated by a region of least coincidence (misfit dislocations). These misfit dislocations have been shown to have important consequences for functional[@b9] and structural properties[@b10] of hetero-interfaces. For example, the work of adhesion of the Ag/MgO interface varies by a factor of four for the interface with and without misfit dislocations[@b11]. Hence, to develop a comprehensive understanding of structure-property relationship in metal/oxide systems, it is important to consider misfit dislocations and their coupling to structure and chemistry at metal/oxide interfaces.

Due to the lack of suitable empirical potentials most theoretical calculations of metal/oxide interfaces have relied on density functional theory (DFT), necessitating the study of small systems. Except for a few limited cases[@b12][@b13], such calculations have focused on fully coherent interfaces[@b14]. However, such models provide an inadequate description of many systems that have significant mismatch between the materials because these models do not consider the misfit dislocation structure. In the cases where atomic mismatch between the metal and the oxide were considered[@b12][@b13], a detailed description of the dislocation core structure was not presented. In order to circumvent the size limitations of DFT, Johansson et al.[@b2] used a combination of DFT and the Peierls-Nabarro model to evaluate the coherent and incoherent contributions to the interfacial energy, respectively, in metal/ceramic systems. Alternatively, analytical approaches such as image charge models[@b6] can be used to examine the properties of metal/oxide interfaces, but these models may not be sufficient to capture the atomic and chemical structure of the misfit dislocation core at metal/oxide interfaces.

In this work, we present electronic structure calculations of the structure of a metal/oxide interface containing misfit dislocations using Fe/Y~2~O~3~ as a model system. Fe/Y~2~O~3~ is chosen as a surrogate for the more complex Y-Ti-O oxide within the ferritic matrix of nanostructured ferritic alloys (NFAs)[@b4], where the metal/oxide interface is thought to provide most of the radiation resistance observed in this material[@b4][@b15]. The radiation resistance of other nanocomposites is directly proportional to the density of misfit dislocations and their intersections[@b16]. If misfit dislocations have a similar role on the radiation resistance in metal/oxide systems, it is critical to understand the structure and chemistry of the misfit dislocations at the metal/oxide interface to understand and predict radiation resistance.

Results
=======

Structure of the ideal interface
--------------------------------

For the electronic structure calculations of the structure and chemistry of the Fe/Y~2~O~3~ metal/oxide interface, we created a bi-layer supercell ([Fig. 1](#f1){ref-type="fig"}) following an experimentally[@b17] observed orientation relationship (OR) at the interface of \[001\]~Fe~\|\|\[100\]~YO~ and (010)~Fe~\|\|(011)~YO~. Details of the bi-layer structure are presented in the method section. [Fig. 2(a)](#f2){ref-type="fig"} shows the relaxed structure of the initial Fe/Y~2~O~3~ interface. In the y direction, there are five atomic columns of iron for every 4 atomic columns of oxygen. The formation of a misfit dislocation with line direction along the x-axis accommodates this lattice mismatch, but leads to a higher Fe/O ratio at the misfit dislocation compared to that in the coherent region. It is notable that in addition to the misfit dislocation with line direction along the x-axis, we also observe a misfit dislocation whose line direction is along the y-axis accommodating the misfit between the two crystals in the x direction. In contrast to the y direction, in the x direction there are eleven columns of iron for every twelve columns of oxygen. Hence, for the misfit dislocation with its line direction along the y direction, the local metal/oxygen ratio is less than 1, resulting in little-to-no chemical imbalance for the metal, and thus no strong interaction with defects. As a consequence, this misfit dislocation with its line direction along the y direction is not emphasized in this manuscript. Nonetheless, it can be seen that the chemical imbalance we discuss here is sensitive to the nature of the dislocations i.e. whether the relative extra half plane of the dislocation is on the metal side (dislocation line along x for this interface) or on the oxide side (dislocation line along y).

For the dislocation with line direction along the x-axis the spatial inhomogeneity of the Fe/O ratio leads to a non-uniform displacement of iron atoms within the interfacial Fe layer ([Fig. 2(a)](#f2){ref-type="fig"}) as well as a variation in the iron vacancy formation energy () within the layer ([Fig. 2(b)](#f2){ref-type="fig"}) (Similar spatial inhomogeneity leads to the bulging of the interfacial layer as observed in previous calculations[@b12]). Many sites have negative and these are primarily concentrated at the dislocation. These unstable sites occur because, at the dislocation, the local stoichiometry (higher Fe/O ratio) provides an insufficient number of oxygen atoms to accept electrons from iron. These iron atoms, which thus cannot donate electrons to the oxygen, are unstable. It can therefore be concluded that in the case of a metal/oxide interface the structure of the misfit dislocations at the interface is not only related to the misfit strain at the interface, but also to the local chemistry across the interface that facilitates, or impedes, electron transfer from the metal to the oxide.

Another interesting feature observed in our calculations is that the vacancy formation energy of interfacial iron sites within the ideal structure is correlated with the Bader charge[@b18][@b19] (number of electrons on the iron atoms compared to the iron atoms in unstrained bulk iron) on the interfacial iron atoms as shown in [Fig. 2(c)](#f2){ref-type="fig"}. While the formation energy of iron vacancies is a direct measure of the chemical instability of iron atoms at the interface, [Fig. 2(c)](#f2){ref-type="fig"} suggests that the Bader charge on the iron atoms at the interface can also be used as a measure of this instability, which we will exploit later in the manuscript to accelerate the calculations. This result also provides further evidence that the origin of the instability of Fe atoms at the dislocation is related to the ability to donate electrons to the oxygen.

Clearly, the as-constructed interface is structurally unstable. Next, we explore the possibilities of restoring the chemical imbalance at the misfit dislocation using three approaches: introducing iron vacancies (reducing conditions), oxygen interstitials (oxidizing conditions), or a mixture of the two. We note that in examining the interaction of point defects with the interface, we only consider defects on the metal side of the interface; defects in yttria are likely to be much higher in energy (as discussed in the [Supplemental information](#s1){ref-type="supplementary-material"}) and are not considered.

Establishing chemical balance by creating interfacial iron vacancies
--------------------------------------------------------------------

[Fig. 3(a)](#f3){ref-type="fig"} shows the change in the energy of the system as iron vacancies are introduced at the interface. Iron vacancies were created within the interfacial iron layer at those sites identified to be the most unstable, i.e. having the most negative vacancy formation energies. Starting with the ideal structure, the vacancy formation energies for all Fe positions within the structure were calculated, 1--5 of the most unstable iron atoms were removed, and the structure was re-relaxed. This process was repeated until there were no iron sites with a negative vacancy formation energy remaining at the interface (see the [Supplemental information](#s1){ref-type="supplementary-material"} for details). The change in energy of the system with removal of *n* iron atoms at the interface is calculated as follows: where is the chemical potential of iron in pure unstrained bulk iron (the cohesive energy of bulk Fe). It is to be noted that for *n* = 1, Δ*E* is equal to the vacancy formation energy at a particular iron site. It can be observed in [Fig. 3(a)](#f3){ref-type="fig"} that the energy of the system decreases continuously until the vacancy concentration at the interface reaches about 0.4 (relative to the initial Fe density within the layer), beyond which the energy of the interface fluctuates until it reaches a minimum at a vacancy concentration of 0.47. This results shows that about half of the iron atoms at the interface must be removed to restore the chemical imbalance and stabilize the interface. This vacancy concentration is significantly higher than that needed to stabilize the misfit dislocation structure in metal/metal systems[@b20] (0.02--0.05), a consequence of the importance of maintaining the chemical balance in metal/oxide systems.

Establishing chemical balance by inserting oxygen interstitials
---------------------------------------------------------------

The second approach for stabilizing the chemical imbalance is to introduce oxygen interstitials as this also decreases the local Fe/O ratio. [Fig. 3(b)](#f3){ref-type="fig"} shows the change in energy of the Fe/Y~2~O~3~ system as interstitial oxygen atoms are introduced within the interfacial iron layer under four different partial pressures of oxygen, *p*~O2~ (see [Supplemental information](#s1){ref-type="supplementary-material"}). The change in energy of the system upon insertion of *m* oxygen atoms at the interface was calculated as follows: where *μ*~O~ is the chemical potential of oxygen, taken as the standard state of oxygen in its gaseous state and is related to *p*~O2~ (the relationship between *μ*~O~ and *p*~O2~ is described in the [Supplemental information](#s1){ref-type="supplementary-material"}. The approach used to choose O interstitial sites is also presented in the [Supplemental information](#s1){ref-type="supplementary-material"}). [Equation 2](#m2){ref-type="disp-formula"} further implies that the oxide itself will be hyperstoichiometric and may be a further source of oxygen, a possibility we have not explored here. For *p*~O2~ ≤ 2.88 × 10^−39^ atm (equivalently, μ~0~ ≥ −8.3 eV at T = 900 K) the energy of the system increases as oxygen interstitials are inserted which implies that the chemical imbalance at the interface can only be established by interfacial iron vacancies. As *p*~O2~ is increased, it is thermodynamically preferable to insert a greater amount of oxygen (Fe/O = 1.34 and 1.14 for *p*~O2~ = 6.59 × 10^−36^ atm and *p*~O2~ = 2.62 × 10^−30^ atm, respectively, at the minimum energy interfacial structures). Hence, for *p*~O2~ \> 2.88 × 10^−39^ atm, oxygen interstitials are a favorable mechanism for stabilizing the interface. However, it is likely that a combination of the two defect mechanisms is most thermodynamically preferred, which we explore below. It should be noted that these *p*~O2~ values are generally less than that needed to form FeO (10^−24^--10^−25^ atm) at 900 K (see [Supplemental Information](#s1){ref-type="supplementary-material"}), demonstrating that the interface can attract significant amounts of O before the oxidation of bulk Fe occurs. Further, the oxygen partial pressures described here are significantly lower than what can be attained experimentally using ultra high vacuum (UHV) conditions (without the use of a strong oxygen getter like Mg). However, while an external oxygen partial pressure of the order of 10^−25^ atm may be difficult to achieve, such an equivalently low oxygen chemical potential can exist at the metal/oxide interface buried within a metal/oxide nanocomposite, implying our predicted results under low oxygen partial pressure are still relevant. In addition, for weaker oxide formers such as Ni and Cu, the partial pressures at which the material oxides are much higher and the oxidation at the dislocation might be more directly controllable with external partial pressure of oxygen.

Establishing chemical balance by a combination of defects
---------------------------------------------------------

To identify the most stable point defect structure for *p*~O2~ \> 2.88 × 10^−39^ atm we began with two interfacial structures in which only oxygen interstitials were introduced (N and Q in [Fig. 3(b)](#f3){ref-type="fig"}) and inserted iron vacancies ([Fig. 3(c--d)](#f3){ref-type="fig"}). The process of introducing vacancies is similar to [Fig 3(a)](#f3){ref-type="fig"} (as described in the [Supplemental information](#s1){ref-type="supplementary-material"}), with the exception that the starting structures are different. The starting structures in [Fig. 3(c) and 3(d)](#f3){ref-type="fig"} contained 12 and 17 interstitial oxygen atoms, respectively. Compared to the Fe-vacancy loaded structure (A) the minimum energy structures (B and C) with a mixture of oxygen interstitials and iron vacancies have considerably lower energy. Hence, we conclude that for *p*~O2~ \> 2.88 × 10^−39^ atm a mixture of oxygen interstitials and iron vacancies stabilizes the interface i.e. the interface is not stabilized by oxygen alone. Finally, it is interesting to note that the final iron vacancy concentration at the interface is roughly 0.5, regardless of the oxygen interstitial content. We discuss the reasons for this below.

Evidence of chemical balance being established at the interface
---------------------------------------------------------------

[Fig. 4(a--c)](#f4){ref-type="fig"} show planar views of the atoms at the interface (iron atoms, oxygen in yttria and oxygen interstitials) for the starting structures in [Fig. 3](#f3){ref-type="fig"} (labeled M, N and Q) while [Fig. 4(d--f)](#f4){ref-type="fig"} present the corresponding minimum energy structures (labeled A, B and C). In other words, these figures represent the structures of the interface before (M, N, Q) and after (A, B, C) minimizing the energy versus vacancy content for different initial interstitial oxygen content. For the case when the chemical imbalance is restored by vacancies only ([Figs. 4(a) and 4(d)](#f4){ref-type="fig"}), most of the vacancies reside in the misfit dislocation region of the interface ([Fig. 4(d)](#f4){ref-type="fig"}). Most of the remaining iron vacancies correlate with the structural oxygen vacancies in the bixbyite structure. [Figs. 4b and 4c](#f4){ref-type="fig"} indicate that the original oxygen interstitials tend to reside at the misfit dislocations while [Figs. 4e and 4f](#f4){ref-type="fig"} show that the Fe vacancies also prefer the misfit dislocation region. Hence, these figures reveal that both types of defects (iron vacancies and oxygen interstitials) are preferentially created at the misfit dislocation, indicating that the chemical imbalance at the misfit dislocation is the driver for the defect behavior at the interface.

This effect is quantified in [Fig. 4(g)](#f4){ref-type="fig"} in which the spatial variation in the local Fe/O ratio between the dislocation and coherent region is presented. The local Fe/O ratio in the ideal structure is higher at the misfit dislocation than in the coherent region and, to a lesser extent, at the misfit dislocation in the structure containing only oxygen interstitials. However, once vacancies are introduced (A in [Fig. 3a](#f3){ref-type="fig"} and [Fig. 4d](#f4){ref-type="fig"} and C in [Fig. 3d](#f3){ref-type="fig"} and [Fig. 4f](#f4){ref-type="fig"}) the Fe/O ratio at the dislocation is significantly reduced such that it is less than in the neighboring coherent region, further confirming that the chemical imbalance imposed by the misfit dislocation is one important factor for determining the ultimate defect structure at the interface. For both structures with vacancies, the Fe/O ratio at the dislocation is less than 1, suggesting a tendency to form an iron-oxide (FeO~m~ with m \> 1) at the dislocation. This result indicates that the nucleation of any iron oxide phase at the interface would likely to occur first at the misfit dislocation and only later in the remainder of the interface.

Possibility of the formation of iron oxides at the interface
------------------------------------------------------------

In this section we discuss the increased thermodynamic propensity to form iron oxide at the misfit dislocation due to the creation of point defects in order to establish chemical stability at the misfit dislocation. Details of the thermodynamic analysis to predict the formation of oxide at the misfit dislocation are presented in the [Supplemental information](#s1){ref-type="supplementary-material"}. It was found that due to the creation of point defects the formation of any iron-oxide phases at the interface at low *p*~O2~ will likely initiate at the misfit dislocation, resulting in a complex interfacial structure in which new phases form at the dislocation while the coherent regions remain relatively intact. Further, as the *p*~O2~ is increased, the misfit dislocation will still tend to attract more oxygen than the surrounding coherent regions of the interface, possibly leading to a non-uniform distribution of oxide phases between the coherent and the misfit dislocation regions. While the prediction of a specific oxide phase is beyond our current capabilities (due to cell size limitations), secondary oxide phases have been observed at metal/oxide interfaces both theoretically and experimentally[@b1][@b21][@b22]. In principle, one could assume a given FeO~x~ interfacial phase and orientation relationship and explicitly examine the Fe/FeO~x~ and FeO~x~/Y~2~O~3~ interfaces separately, but without further experimental guidance on both the nature (stoichiometry) of such an FeO~x~ phase and the orientation relationship, it would be very difficult to perform calculations on a reasonable interfacial structure. Further, spectroscopic measurements by Gegner et al[@b23] suggested that it is possible to have excess oxygen residing at misfit dislocations in metal/oxide interfaces, which agrees with our prediction. Finally, we observed that the vacancy concentration for the minimum energy structures, between 0.47--0.50, is largely independent of the interstitial oxygen content (structures A, B and C in [Fig. 3](#f3){ref-type="fig"} with numbers of interstitial oxygen of 0, 12 and 17, respectively). These results suggest that the free volume created by Fe vacancies available at misfit dislocations is independent of the oxygen content at the dislocation, thus providing a possible explanation for the experimental observation[@b23] of hydrogen trapping at metal/oxide interfaces, irrespective of oxygen content.

Competing energetic contributions leading to the formation of defects
---------------------------------------------------------------------

It is surprising to observe that the vacancy concentration for the minimum energy structures is largely independent of the interstitial oxygen content, as indicated in the previous section. Intuitively, one might expect that an increase in oxygen content would result in a reduction in the number of iron vacancies required to restore the chemical imbalance. That is, if the driving force for defect segregation to the misfit dislocation is the formation of iron-oxygen bonds, either removing iron or introducing oxygen should satisfy that driving force. However, adding oxygen not only provides the needed chemical stability, but also strains the metal/oxide interface, resulting in two competing effects, one that reduces the energy of the system and another that, concurrently, increases the energy. The system relieves the strain by forming iron vacancies. Thus, the formation of iron vacancies has at least two driving forces: (i) restoring the chemical imbalance (which decreases with oxygen content); (ii) relieving the strain (which increases with oxygen content). In the following section, the combined effect of these two competing energetic contributions is examined.

Local energetic contributions
-----------------------------

Generally, the stability of an interface is governed by competing energetic contributions. In the case of a metal/oxide interface with misfit dislocations, we show in this section that the structure of the interface is determined by the competition between chemical and strain energy. [Fig. 5(a--b)](#f5){ref-type="fig"} shows that iron atoms (position p and c within the ideal structure) that are initially very unstable (very negative ) exhibit increased stability with the introduction of oxygen in the neighborhood, which helps to restore the local chemical imbalance. Although interstitial oxygen strains the lattice locally, the reduction in chemical energy is more than the increase in strain energy, resulting in stabilization of these iron atoms. The opposite is true for an iron atom (position f) that was initially relatively stable. Iron atoms at position q, d and e, which were relatively more stable compared to position p, exhibit slightly increased instability with the introduction of oxygen in the neighborhood. In this case, the strain energy dominates with the introduction of oxygen. [Fig. 5](#f5){ref-type="fig"} indicates the local and complex competition that occurs between the two energetic contributions, namely, chemical and strain energy with the introduction of interstitial oxygen.

Energetic contribution throughout the interface
-----------------------------------------------

The competition between the two energetic contributions is also evident even when the combined effect of all the interfacial iron atoms is considered. As established in [Fig. 2(c)](#f2){ref-type="fig"}, the excess Bader charge on an interfacial iron atom is a signature of the chemical instability of the atom. One might then expect that, with the introduction of oxygen interstitials, the chemical instability at the interface might be restored as the insertion of oxygen interstitials moves the Fe/O ratio at the interface closer to unity ([Fig. 3 (b)](#f3){ref-type="fig"}). [Fig. 6](#f6){ref-type="fig"} shows that the number of iron atoms at the interface with excess Bader charge decreases as interstitial oxygen atoms are introduced into the interfacial iron layer (blue curve). Thus, with increasing interstitial oxygen content the chemical imbalance at the interface is indeed restored. However, inserting oxygen interstitials also introduces strain into the system. The average Voronoi volume of the iron atoms at the interface is a measure of the average free volume available at the interface[@b24][@b25]. A decrease in the Voronoi volume correlates with an increase in the strain energy of the system. The red points in [Fig. 6](#f6){ref-type="fig"} show that the average Voronoi volume of the iron atoms at the interface decreases continuously with the increasing interstitial oxygen content. Thus, introducing interstitial oxygen reduces the Voronoi volume, indicating that the strain energy of the system has increased with higher oxygen content. [Fig. 6](#f6){ref-type="fig"} illustrates the competition between the two energetic contributions, namely the chemical and strain energy, with the introduction of oxygen interstitials even when the combined effect of all the interfacial iron atoms is considered. This competition is much more complex at the local level as shown in [Fig. 5](#f5){ref-type="fig"}. The complexity can be further understood from the fact that the vacancy formation energy for some of the iron atoms presented in [Fig. 5](#f5){ref-type="fig"} differs depending on the order in which the oxygen interstitials and iron vacancies are inserted/created at the interface. Nonetheless, the main purpose in presenting [Fig. 5](#f5){ref-type="fig"} and [Fig. 6](#f6){ref-type="fig"} is to demonstrate that the point defect structure associated with misfit dislocation is determined by two competing energetic components, the strain and chemical energy.

Summary and Conclusions
=======================

To summarize, using electronic structure calculations, we have determined how misfit dislocations influence the local atomic structure and chemistry of a model metal/oxide interface. We discovered that a chemical imbalance could exist at the misfit dislocation, which leads to dramatic changes in the point defect content at the interface, with as much as 50% of the metal atoms removed and significant oxygen interstitials inserted to stabilize the structure. Further, the exact composition of point defects that stabilize the metal/oxide interface is dependent on the oxygen content. It is notable that irrespective of the oxygen content at the interface it was observed that most of the iron atoms at the dislocation are removed in the minimum energy structures. This effectively moves the position of the misfit dislocation approximately one atomic layer into the iron bulk and away from the interface. While an accurate estimation of the preferred position of the dislocation cannot be performed with the current cell size, this result is consistent with experiments. Such '*stand-off*\' dislocations are commonly observed experimentally in metal/oxide interfaces (Nb/Al~2~O~3~, Cu/MnO, Ag/NiO, Nb/MgO[@b6] and FeAl/Y~2~O~3~[@b17]) where the dislocation core lies a few atomic layers away from the interface within the metal and the metal is coherent with the oxide. This dislocation structure is a consequence of the strong driving force for every iron atom to bond directly with an oxygen atom, pushing the system to form a coherent interface at the expense of moving the misfit dislocation away from the interface. Finally, we relate the preferred defect structure at the interface to a competition between chemical and strain energies as defects are introduced.

Taken together, our results have significant implications for designing novel metal/oxide interfaces. The results obtained in this work provide two design parameters, dislocation density and *p*~O2~ or, more generally, the oxygen content at the interface, to control the structure and chemistry of metal/oxide interfaces. For example, alloying elements with strong oxide forming tendencies (greater than the matrix) will tend to segregate to the misfit dislocation in the presence of oxygen, the local concentration of which can, in principle, be controlled by varying *p*~O2~ or the availability of oxygen at the interface (for example, by changing the oxide used to form the interface). Thus, the concentration of alloying elements at the interface will depend on both the misfit dislocation density and *p*~O2~, and will vary spatially at the interface between the dislocation and the coherent regions. This coupling of structure and dopant segregation could enable the control of various properties in metal/oxide systems that depend on the metal/oxide interface, including interfacial adhesion and strength as well as ionic and electronic mobility, which has important implications in designing new metal/oxide interfaces for numerous applications, including thermal barrier coatings, fast ion conductors, and nanostructured ferritic alloys. We expect that these new insights into the role of the misfit dislocation structure on the structure and chemistry of the interface will extend to other metal/ceramic systems (metal/carbide and metal/nitride) as they have similar structural characteristics due to chemical imbalance at metal/oxide interfaces caused by misfit dislocations[@b12][@b26]. However, in some cases (e.g. metal/carbide) other factors, such as covalency, may also be important.

It is to be noted that the details of the reconstruction will vary between different metal/oxide interfaces. For example, in the present metal/oxide system we predict that about fifty percent of the iron atoms have to be removed to establish the chemical balance. For an arbitrary metal/oxide interface the fraction of metal vacancies to be created will depend on several factors:Propensity to form oxide by the metal: For example, keeping everything else constant, if we change the metal from Fe to Cr (i.e. an Cr/yttria interface) it is possible that the fraction of vacancies will be more than 50 percent. This is because Cr has a stronger oxide-forming tendency compared to Fe. Hence, the extent of chemical imbalance on the metal side might be higher in Cr/yttria interface compared to the present Fe/yttria interface.Nature of the misfit dislocation: As previously discussed the extent of chemical imbalance depends on the nature of the extra half plane of the misfit dislocation i.e. if the misfit dislocation has excess metal or oxygen planes. For example, if the extra half plane is on the oxygen sub-lattice (instead on the metal side as described here) there is excess oxygen at the misfit dislocation compared to metal, the extent of the chemical imbalance will be nominal and, at such misfit dislocations, there will not be as large of a driving force for chemical restructuring.Orientation relationship (OR): For the same metal and oxide combination the extent of reconstruction will be different for different ORs. This is because different ORs have different metal/oxygen ratios at the interface and hence different degrees of chemical imbalance.

Overall, this work significantly shifts the conventional understanding of misfit dislocations at metal/oxide interfaces. We expect that almost all metal/oxide interfaces will contain large numbers of structural defects around the misfit dislocations; the exact concentration of which will likely depend on the relative propensity of the metal to form oxide and the nature of the misfit dislocation i.e. if the misfit dislocation has excess metal or oxygen planes. The insights from this work will play a critical role in how future metal/oxide interfaces in applications from nuclear energy to nanocatalysis to nanoelectronics should be modeled and understood.

Methodology
===========

Calculations of all interface structures and properties were performed using density functional theory as implemented in the Vienna *ab-initio* Simulation Package (VASP)[@b27][@b28]. In these calculations the projector augmented wave[@b29] method was utilized with a plane wave cut-off of 300 eV. All the calculations were spin polarized and the Perdew--Burke--Ernzerhof[@b30] parameterization of the generalized gradient approximation (GGA) was used for the exchange--correlation functional. The PAW potentials were generated using the electronic configurations: 3p6 3d7 4s1 for iron, 4s2 4p6 4d1 5s2 for yttrium and 2s2 2p4 for oxygen. Further, the Monkhorst and Pack scheme was utilized for Brillion-Zone sampling with a 1x1x1 *k*-point mesh. The maximum forces on every relaxed atom were converged to 0.05 eV/Angstrom for all the calculations except for limited calculations involving re-relaxation of the supercell with additional oxygen interstitials and/or vacancies, where the maximum forces on atoms were converged to 0.15 eV/Angstrom.

The bi-layer supercell for the DFT calculations consisted of three layers each of iron (a total of 165 atoms with 55 atoms in each layer) and yttria (a total of 180 atoms with Y:O = 2:3). Iron has the BCC crystal structure while yttria is a bixbyite[@b31], a fluorite derivative structure with one-fourth of the oxygen sites vacant and ordered. Compared to a 3D particle within Fe, this bi-layer cell geometry simplifies the analysis of the structure while retaining the essential features of the system. The top iron and bottom yttria layer are in contact with a vacuum layer with a thickness of 7.25 Å. The experimentally observed OR involves a non-polar (110) termination of Y~2~O~3~, indicating that no special considerations are necessary to eliminate spurious surface dipoles. Yttria layers are strained by −1.1% and −4.6% in the in-plane x and y direction respectively, to match the periodic unit cell parameters required to fit and integral number of iron atoms. We expect that this introduced strain, necessary to keep the simulation cell to a tractable size, primarily changes the misfit dislocation spacing as compared to the fully relaxed case and not the basic properties of the misfit dislocations themselves. Furthermore, straining the yttria layers allows us to use bulk iron as the reference for calculating the chemical potential of iron. In any case, the overall reconstruction of the metal/oxide interface and the structure of the misfit dislocation studied in the current work has its origin in the chemical imbalance caused by excess metal compared to oxygen at the dislocation and our results will be relatively insensitive to whether the misfit strain is assigned to yttria or to the metal or shared between the two. In our calculations the top and bottom layer of iron and yttria were kept frozen to replicate the bulk crystal and the interface is assumed to be atomically flat. We also performed additional calculations of the iron/yttria interface in which the top-most iron layer was allowed to relax (not shown). We found that the iron atoms undergo bending or "*warping*" at the misfit dislocation, an effect observed in electronic structure calculations of metal/ceramic interfaces (e.g. metal/oxide, metal/nitride) with misfit dislocations by other authors[@b12][@b26]. Such warping of the metallic layers originates from the chemical imbalance (Fe/O \>1) at the misfit dislocation.

Finally to ensure that our results are not an artifact of the various constraints such as system size, plane wave energy cut-off in our calculations, we have examined the influence of those constraints. We found that the central physical conclusions reached above are not artifacts of the limitations of our calculation procedure (see [Supplemental information](#s1){ref-type="supplementary-material"}). In the [Supplemental information](#s1){ref-type="supplementary-material"} we also present the validity of using Bader charge as the guiding parameter to introduce defects.
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![(a) Initial un-relaxed structure of the Fe/Y~2~O~3~ interface. In the DFT calculations, atomic relaxation is allowed in all the layers except the top iron layer and bottom yttria layer (as indicated).](srep06533-f1){#f1}

![(a) Relaxed structure of the Fe/Y~2~O~3~ interface. The misfit dislocation is indicated by the dotted lines while the shaded rectangular box indicates the interfacial Fe layer. (b) Vacancy formation energy at Fe sites within the interfacial Fe layer. The red box indicates the dislocation region. It is observed that the vacancy formation energy at certain sites is negative, i.e. a vacancy will form spontaneously at those interfacial iron sites at T = 0 K. (c) Plot of vacancy formation energy vs. excess Bader charge (in terms of electrons) of iron atoms (compared to bulk iron) at the interface within the ideal structure with no point defects.](srep06533-f2){#f2}

![(a) Change in energy of the system with the introduction of defects: (a) vacancies; (b) interstitial oxygen; (c, d) mixture of vacancies with twelve and seventeen interstitial oxygen for (c) and (d), respectively. At any stage, the vacancy concentration at the interface was calculated as the ratio of the total number of iron vacancies introduced at the interface with respect to the total number of iron sites present at the interface within the ideal structure. In Fig. 3a the Fe/O ratio was calculated from the number of iron left at the interface at any stage divided by the number of oxygen atoms within the interfacial yttria layer. For the calculation of the Fe/O ratio in Fig. 3b and Fig. 3d both interstitial oxygen and oxygen atoms within the interfacial yttria layer were considered. The capital letters indicate various structures used for subsequent calculations. M is the ideal structure with no defects (vacancy or interstitials) while N and Q are the structures with twelve and seventeen interstitial oxygen (with no vacancies), respectively. In Fig. 3(b) the indicated oxygen chemical potentials are computed for T = 900K. The insets are zoomed-in regions of the curves indicated by the dashed-line boxes. In the insets, points A, B and C represent the vacancy concentration corresponding to the minimum energy structures for the zero, twelve and seventeen-oxygen structures. For the minimum energy structures (A, B and C) all iron vacancy formation energies are positive, and any additional iron vacancies increase the energy of the system. In all cases, the associated change in the atomic structure lowers the Fe/O ratio at the interface, restoring the chemical imbalance.](srep06533-f3){#f3}

![(a--c) Planar view of the interfacial iron atoms (green), interfacial oxygen atoms in yttria (red) and oxygen interstitials (dark red) corresponding to the structures M, N and Q in [Fig. 3](#f3){ref-type="fig"}; (d--f) Planar view of the interfacial iron atoms, interfacial oxygen atoms and oxygen interstitials corresponding to the minimum energy structures A, B and C in [Fig. 3](#f3){ref-type="fig"}. These represent the structures before (M, N, Q) and after (A, B, C) minimizing the energy versus vacancy content for different oxygen content. The blue box represents the dislocation region. (g) Spatial variation of local Fe/O ratio at the interface at and away from the misfit dislocation for four different structures, namely the ideal structure (M), the structure with seventeen oxygen (Q) and the structures corresponding to the minimum energy structures A and C in [Fig. 3](#f3){ref-type="fig"}, which are structure M and Q after minimizing the energy versus vacancy content. The local Fe/O ratio was measured based on the number of Fe and O atoms within five rectangular regions in the y-direction. The width of each rectangular region is equal to the cell size in the *y*-direction divided by the number of columns of iron (i.e. five).](srep06533-f4){#f4}

![(a) Planar view of interfacial Fe atoms within the ideal structure. The blue box represents the dislocation region. (b) Calculated vacancy formation energy before and after an oxygen atom is introduced at an interstitial position within the interface of the ideal structure to quantitatively analyze the energetic contributions of oxygen interstitials to the Fe vacancy formation energies at different locations within the interface plane. We also found that the introduction of more than one oxygen atom (not shown) in the neighborhood of any iron atom destabilizes that iron atom, implying that the strain energy dominates when multiple interstitial oxygen atoms reside in the neighborhood of an iron atom.](srep06533-f5){#f5}

![Plot of average Voronoi volume of interfacial iron atoms (left) and the number of interfacial iron atoms with excess Bader charge (right) as oxygen interstitials are inserted. The Bader charge is measured relative to bulk iron. The ideal structure with no defects has eighteen iron atoms with an excess Bader charge. The number is reduced to two upon the introduction of 12 oxygen interstitials (Fe/O = 1.14).](srep06533-f6){#f6}
